In vitro fertilization does not occur readily in the horse. This may be related to failure of equine sperm to initiate hyperactivated motility, as treating with procaine to induce hyperactivation increases fertilization rates. In mice, hyperactivated motility requires a sperm-specific pH-gated calcium channel (CatSper); therefore, we investigated this channel in equine sperm. Motility was assessed by computer-assisted sperm motility analysis and changes in intracellular pH and calcium were assessed using fluorescent probes. Increasing intracellular pH induced a rise in intracellular calcium, which was inhibited by the known CatSper blocker mibefradil, supporting the presence of a pH-gated calcium channel, presumably CatSper.
INTRODUCTION
In vitro fertilization (IVF) does not occur readily in the horse, despite decades of work in this area. Fertilization rates of up to 30% have been reported [1] [2] [3] [4] , but these have not been repeatable. McPartlin et al. [5] suggested that the limiting factor in equine IVF may be a failure of sperm to hyperactivate in vitro. These authors reported a 61% fertilization rate after incubating sperm under capacitating conditions and then stimulating hyperactivated motility with procaine. Similar success using procaine-treated sperm (37%-62% fertilization) has subsequently been reported by another laboratory [6] . The success of equine IVF after pharmacological induction of hyperactivation suggests that typical sperm capacitation procedures (i.e., incubation in calcium-, bicarbonate-and protein-containing medium) do not adequately stimulate hyperactivated motility in equine sperm. If true, this would indicate that the physiological mechanism for induction of hyperactivated motility in equine sperm differs from those in sperm of most other species.
Hyperactivated motility is characterized by increased sperm flagellar bend amplitude and asymmetry. It is hypothesized that hyperactivation assists sperm in detaching from the wall of the oviduct, increases swimming efficiency in a viscous medium, and supplies the force required for sperm to penetrate the zona pellucida (reviewed in [7] ). In mice, hyperactivated sperm motility in response to capacitation is dependent upon the presence of sperm-specific pH-gated cation (CatSper) channels [8, 9] , and in humans, mutations in CATSPER genes are associated with infertility and abnormal sperm motility [10] [11] [12] . CatSper channels are composed of multiple proteins, including CATSPER 1-4 proteins, which make up the poreforming complex, and the accessory proteins CATSPERB, CATSPERG, and CATSPERD [13] . CatSper channels are localized to the principal piece of mouse sperm and open in response to increased intracellular pH, which is typically associated with sperm capacitation [8] . Notably, in the absence of environmental calcium, the CatSper channel will transport sodium, resulting in sperm depolarization and loss of motility [14] .
The exact mechanism for CatSper-mediated induction of hyperactivated motility is unclear; it may involve not only influx of calcium from the environment but also release of calcium from an internal store near the neck of the sperm, possibly the redundant nuclear envelope [15] [16] [17] . Mechanisms for CatSper-mediated hyperactivation have currently been investigated only in the mouse and humans. While many aspects are similar between these species, there are notable differences; for example, progesterone and prostaglandin E 1 directly stimulate CatSper activation in human sperm but not in murine sperm [18] [19] [20] . Little is known about CatSper or CatSper-mediated functions in other species. Presence of CATSPER1-4 mRNA has been verified in the testes of pigs [21] . While CatSper channels have not been specifically identified in the bull, Marquez and Suarez [22] reported an increase in hyperactivated motility in bull sperm following treatment with ammonium chloride (NH 4 Cl), a weak base that raises intracellular pH (pH i ), and this rise was followed by an increase in cytosolic calcium concentration (Ca i ). Similar responses were found when bovine sperm were incubated in high-pH medium. These effects were likely to have occurred via opening of the CatSper channels, as Catsper1-null mice fail to demonstrate either calcium influx or hyperactivated motility in response to intracellular alkalinization [9] .
Failure of equine sperm to undergo hyperactivation under standard capacitating conditions may be related to speciesspecific differences in the presence or function of CatSper channels. There is currently no information available on the relationship of intracellular pH to intracellular calcium or motility parameters in equine sperm or on the presence or function of CatSper channels in equids. This study evaluated the interactions among intracellular alkalinization, calcium influx, and hyperactivated sperm motility in equine sperm, and determined the presence and localization of equine CATSPER1 mRNA and protein.
MATERIALS AND METHODS

Chemicals and Media
Chemicals were purchased from Sigma-Aldrich (www.sigmaaldrich.com) with the following exceptions: TriPure reagent (RQ1 DNase Roche [Promega; www.promega.com]); TA cloning vector pCR2.1, One Shot competent cells, goat anti-rabbit antibody conjugated to horseradish peroxidase (HRP) and the fluorescent probes BCECF-AM, Fluo3-AM, and Fluo4-AM (Invitrogen; www. invitrogen.com); silica particle gradient medium (Nidacon International AB; www.nidacon.com) and Power SYBR Green PCR Master Mix (Applied Biosystems; www.appliedbiosystems.com). A polyclonal antiserum raised in the rabbit against a glutathione S-transferase-fusion protein consisting of the first 150 amino acids (N-terminal) of mouse CATSPER1 was a gift from Dr. Dejian Ren, University of Pennsylvania. A polyclonal antiserum raised in the rabbit against the C-terminal of human CATSPER1, H-300 (sc-33153) was obtained from Santa Cruz Biotechnology (www.scbt.com). Goat anti-rabbit antibody conjugated to Cy3 was obtained from Jackson ImmunoResearch (www.jacksonimmuno.com). Enhanced chemiluminescence detection reagents and Hyperfilm ECL were obtained from Amersham (www.gelifesciences.com).
Semen Collection
Equine semen was collected from 7 sexually-mature light-breed stallions. Semen was collected using an artificial vagina (Nasco) fitted with a nylon micromesh filter (Animal Reproduction Systems) to remove gel and debris from the ejaculate. All experimental procedures were performed according to United States Government Principles for the Utilization and Care of Vertebrate Animals Used in Testing, Research and Training and were approved by the Laboratory Animal Care Committee at Texas A&M University.
Bovine semen was obtained from a commercial breeding service (Ultimate Genetics).
For motility studies, semen was diluted 1:5 in a modified Tyrode medium (Sp-Tyrode) containing 25 mM HEPES and 25 mM NaHCO 3 , as described by Marquez and Suarez [22] . After initial trials, bovine serum albumin (BSA) was replaced by 0.02% polyvinyl alcohol (PVA) to prevent agglutination. Glucose (5 mM) was added to the medium used for stallion sperm as this was associated with increased hyperactivated motility parameters (data not shown). Sperm were washed twice by centrifugation for 10 min at 400 3 g and then were diluted to a final concentration of 30 3 10 6 /ml. A minimum of three replicates, each performed with a separate ejaculate, were performed for each study.
Sperm motility parameters were analyzed using computer-assisted sperm analysis (CASA; IVOS version 12.2 L, Hamilton Thorne Inc.) according to the manufacturer's directions.
Effect of NH 4 Cl on Bovine and Equine Sperm Hyperactivated Motility
Freshly ejaculated bovine sperm were processed using Sp-Tyrode solution containing 5 mg/ml BSA, 0.1% PVA, or 0.02% PVA. Washed sperm were divided into aliquots of 1 ml in Eppendorf tubes and kept at room temperature in air. NH 4 Cl was added to final concentrations of 0, 5, 10, 25, 50, or 100 mM. Motility analysis was conducted by CASA at 0, 5 and 30 min after NH 4 Cl addition.
For studies with equine sperm, preliminary trials showed that response to NH 4 Cl treatment was delayed in the horse and was repeatable in this medium under 5% CO 2 but not in air (see Results); therefore the main study was performed under 5% CO 2 . Aliquots (500 ll) of sperm extended at 30 3 10 6 /ml in BSA-free Sp-Tyrode medium containing 0.02% PVA were transferred to 1.5-ml Eppendorf tubes, and NH 4 Cl was added to a final concentration of 0, 5, 10, 25, 50, or 100 mM. Final sperm suspensions were incubated at 378C under 5% CO 2 . Motility analysis was conducted by CASA at 0, 5, 30, 60, 90, and 120 min after NH 4 Cl addition.
Effect of Increasing Extracellular pH on Equine Sperm Hyperactivated Motility
To prepare media with different pH levels, Sp-Tyrode solution containing 5 mM glucose and 0.02% PVA instead of BSA, as outlined above, was modified by alteration of [NaHCO 3 ] from 12.5 to 25 mM and inclusion of 25 mM HEPES or 10 mM [(2-Hydroxy-1,1-bis(hydroxymethyl)ethyl)amino]-1-propanesulfonic acid (TAPS), according to the pH desired, and adjustment to pH 7. 25, 7.75, 8.25, 8 .75 or 9.25 using 1 N NaOH. The highest pH treatments were performed to determine the point at which motility declined due to excessive alkalinization. Sperm were processed in pH 7.25 medium and resuspended to 300 3 10 6 /ml in pH 7.25 medium after the final centrifugation. Aliquots (50 ll) of this sperm suspension were diluted to 500 ll by using the different pH media, for a final concentration of 30 3 10 6 /ml. Sperm motility was evaluated at time 0 after extension in pH 7.25 medium, and then aliquots were extended in high-pH medium and evaluated after 1, 5, 10, 15, 20, 30, 40, 60, 80 , and 100 min of incubation at 378C in air. The pH values of the sperm suspensions were evaluated immediately after the 100-min time point to determine the final medium pH. An exponential regression model was used to evaluate the significance of final pH versus time required to achieve maximum values for curvilinear velocity (VCL), a measure of hyperactivated motility (see Results).
Comparison of Effects of Known Inducers of Hyperactivation on Motility, Intracellular Ca 2þ , and Intracellular pH of Equine Sperm
Stallion sperm were prepared as outlined above, using pH 7.25 medium, and then aliquots were extended to a final concentration of 30 3 10 6 /ml by using pH 8.5 or 9.5 medium. The pH 9.5 medium, although nonphysiological, was used to determine whether continued increase in pH i caused a doseresponsive increase in Ca i . In addition, aliquots of sperm were extended using pH 7.25 medium and then treated with 5 mM procaine, 4 mM 4-aminopyridine (4-AP), or 0.1, 1, or 10 lM ionomycin, an inducer of hyperactivated sperm motility in other species [22, 23] . The concentration of procaine was that used in previous reports [5, 6] ; the concentration of 4-AP was selected based on maximum response in dose-response trials (data not shown). CASA readings were taken at 0, 5, 15, 30, and 60 min post-treatment.
Subsequently, pH i and Ca i were evaluated in sperm treated with the stimuli given above. Stallion sperm processed in pH 7.25 medium were incubated in 5 lM BCECF-AM or in 5 lM Fluo-3 at 258C for 30 min in the dark, washed, and resuspended to 30 3 10 6 sperm/ml. Aliquots (200 ll) were loaded into a 96-well microplate reader (Synergy MX; Bio-Tek; www.biotek.com) and excited at 488 nm and at 440 nm; emission was read at 535 nm. Three baseline measurements were recorded for each well, and then treatments were added (high-pH treatments were resuspended at this time), and readings were taken every 2 min for 30 min.
Changes in Ca i were expressed as the DF/F 0 ratio after adjusting for background, with DF being the change in fluorescent signal and F 0 the baseline as calculated by averaging the first three readings prior to adding reagents. Because high-pH medium-treated sperm were exposed to the stimulus at the time of extension, they did not have a true time 0 (prestimulus) reading; in this case, the average of all other time 0 readings in pH 7.25 medium was used to estimate this value. Quenching of Fluo-3 by procaine was confirmed by measuring the fluorescence of Fluo-3-loaded sperm treated with Triton-X-100 to equilibrate intracellular and external calcium before and after the addition of procaine: control sperm maintained 100.5% 6 1.0% of their original fluorescence; however procaine-treated sperm dropped to 60.0% 6 1.7% of their original fluorescence. pH i was assessed by calculating the ratio of emission after excitation at 488 nm to that after excitation at 440 nm (the isosbestic point) to control for loading and quenching; this allowed evaluation of procaine-treated sperm.
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To ensure that motility was not significantly affected by either Fluo3-AM or BCECF-AM, cells were loaded as above then treated with each of the reagents, and motility was evaluated for 30 min.
Single-Cell Imaging for Intracellular Ca 2þ
To evaluate the effect of 4-AP on calcium kinetics more closely, single-cell imaging was performed. Equine sperm were processed in modified Sp-Tyrode solution, as above, containing 25 mM bicarbonate and 10 mM HEPES and then extended after the final wash to 10 3 10 6 sperm/ml in the same medium without PVA or BSA and incubated in the presence of 10 lM Fluo-4 for 30 min at 378C in air in the dark in a poly-L-lysine coated 4-well coverglass slide. After incubation, excess fluorophore was removed by replacing the medium on the slide with fresh medium. Cells were then incubated for an additional 30 min at 378C to allow for full de-esterification of the probe before analysis.
Fluorescence was monitored before and after addition of 4 mM 4-AP, 1 lM ionomycin (positive control), or deionized water. Cells were imaged using a 633 water immersion objective on an inverted microscope (Carl Zeiss Inc.), using a 505-to 530-nm emission filter, a 470-nm excitation filter, and a 493-nm dichroic mirror. Preliminary trials at different frame capture speeds, from 0.5 to 5 sec, showed that exposure at 5-sec intervals minimized photo bleaching without loss of sensitivity; thus, frames were captured at 5-sec intervals in the main study. Images were captured for a total time of 10 min, with treatments added after the initial 5 readings. A 4 3 4 binning was used to increase signal, and images were analyzed using Image-J software (National Institutes of Health). Each sperm head was selected as the region of interest and analyzed using the multimeasure tool, with the mean level of fluorescence for each region of interest at each time point calculated as a DF/F 0 ratio (F 0 ¼ the average of the first five readings prior to reagent addition).
Viability Assessment
Viability (membrane integrity) in sperm exposed to the above treatments was measured via staining with propidium iodide (PI), using an automated cell counter (NucleoCounter SP-100; Chemometec) according to manufacturer's instructions, as previously validated [24] . The percentage of viable cells was assessed at 30 min post-treatment. It should be noted that this method used for assessment of PI staining produces values that are up to 17% lower than those for flow-cytometric evaluation of PI/SYBR-14-stained cells at this range of viability [24] .
Effect of Progesterone and Prostaglandin E 1 on Motility, Intracellular Ca 2þ , and Intracellular pH To determine if progesterone or prostaglandin E 1 had an effect on the motility of equine spermatozoa, semen was processed as above using pH 7.25 medium and then extended in either pH 7.25 or pH 8 medium, as the effect of progesterone has been shown to be pH-dependent [19] . Three stock solutions each of progesterone and prostaglandin E 1 were prepared in ethanol to allow addition of a fixed volume for each concentration tested. The extended cells were treated with 0, 0.5, 2, or 5 lM progesterone or 0, 0.5, 2, or 5 lM prostaglandin E 1 . Sperm were evaluated for motility, pH i and Ca i as described earlier.
Effect of CatSper Channel Inhibitors on Motility, Intracellular Ca 2þ , and Intracellular pH
The effects of mibefradil, a calcium-channel blocker [25] shown to be a CatSper inhibitor in human sperm [20, 26] , on motility, pH i , and Ca i of equine sperm were determined. Evaluation of pH i and Ca i was performed using the plate reader as described earlier except that readings were obtained every minute. Because of its greater sensitivity as shown in the single-cell imaging trials, Fluo-4 AM was used for Ca i determination. Dose-response trials (mibefradil at 0, 0.5, 1, 2 2.5, 5, or 10 lM) conducted with equine sperm in pH 8.5 medium indicated that the greatest suppression of Ca i in this medium occurred with 5 lM mibefradil; the higher dose (10 lM) resulted in increased Ca i (Supplemental Fig. S1 ; all Supplemental Data are available online at www. biolreprod.org).
The effects of 5 lM mibefradil on Ca i in sperm treated with the different inducers of hyperactivated motility (high-pH medium, 5 mM procaine, and 4 mM 4-AP) were then determined. To validate the effect of the tested pH medium on hyperactivation, a sample of sperm from each ejaculate was evaluated by CASA for response to pH 7.25 (control), 8, 8.5 , and 9 medium with and without mibefradil before Ca i measurement was performed; the medium inducing the greatest values for VCL and amplitude of lateral head displacement (ALH), a measure of hyperactivated motility (see Results) was then used (pH 8 in 2 ejaculates and 8.5 in 1) to evaluate the Ca i response to mibefradil in sperm from that ejaculate.
To ensure that the initial response to hyperactivating stimuli in control and mibefradil-treated sperm was captured, for each hyperactivating stimulus, mibefradil or vehicle was added to sperm in one set of wells, then the stimulus was added, and fluorescence was immediately evaluated for 5 min. After the 5-min evaluation, the sperm in the next set of wells were treated with mibefradil or vehicle, then the next stimulus was added, and sperm were evaluated for 5 min, with continuing evaluation of the previous wells. All wells were evaluated for a minimum of 30 min.
Motility analyses of the effects of mibefradil on procaine-and 4-AP-treated sperm were subsequently performed using CASA as described earlier; motility was evaluated at 0, 1, 15, and 30 min after addition of stimulatory treatments in the presence of either 0 or 5 lM inhibitor.
The above studies were repeated to evaluate the effect of NNC 55-0396 (NNC), another compound that has been reported to block CatSper channel activity [19, 20] . Treatment of equine sperm with NNC resulted in elevated Ca i at all doses tested (0.2, 0.5, 1, 2, and 5 lM) by a mechanism not yet determined; thus, this compound was not evaluated further.
Effect of Absence of Environmental Ca 2þ on Induced Hyperactivated Motility
Sperm were processed as above in pH 7.25 medium with or without CaCl 2 (the only source of Ca 2þ in the medium) or in medium without CaCl 2 containing 2 mM EGTA. Motility parameters (total motility, VCL and ALH) were determined at 1, 15, and 30 min after addition of hyperactivating stimuli (pH 8.5 medium, 4 mM 4-AP, or 5 mM procaine).
Reverse Transcription-PCR to Detect CATSPER1 mRNA Total cellular RNA was isolated from mature stallion testes with TriPure reagent (Roche). For cloning of a partial cDNA from equine CATSPER1 mRNA, oligonucleotide primers were designed based on the sequence of human CATSPER1 mRNA (GenBank accession number NM_053054.3), using the conserved 3 0 region encoding the C-terminal transmembrane domains and more C-terminal sequence. Two sets of primers were designed, with the second sense and antisense primers nested inside the first (Supplemental Table S1 ). RNA samples were reverse-transcribed (RT) with oligo(dT) primer, and then PCR was performed with Taq DNA polymerase enzyme with the initial set of primers. One-eighth of that reaction mixture was used as DNA template in subsequent PCR with nested primers. The 496-base pair product was generated and subsequently cloned into the TA cloning vector pCR2.1 (Invitrogen). Multiple recombinant Escherichia coli colonies were grown; plasmid DNA was purified from each by using a QIAprep mini-prep kit (Qiagen) and sequenced.
The partial CATSPER1 cDNA sequence obtained (GenBank accession number EU864033) was used to design real-time PCR primers with Primer Express version 3.0 software (Applied Biosystems). Primers to equine GAPDH mRNA (GenBank accession number NM_001163856) were also designed to normalize real-time PCR data. Stallion sperm was purified by gradient centrifugation in EquiPure silica particle solution (Nidacon International AB). RNA was isolated and treated with RQ1 DNase (Promega) to remove possible contaminating genomic DNA. Analysis by capillary electrophoresis (Bioanalyzer 2100; Agilent) was performed to ensure RNA concentration and integrity typical of sperm mRNA [27, 28] . The RNA was reverse-transcribed as described above. Real-time PCR reactions with Power SYBR Green PCR Master Mix were performed in triplicate. Real-time PCR was performed with an ABI PRISM 7900 HT Fast real-time PCR sequence detection system instrument (Applied Biosystems). PCR amplification conditions were 508C for 2 min, then 958C for 10 min, followed by 40 two-step cycles of 958C for 15 sec and 608C for 1 min. Negative controls without cDNA yielded no product. Dissociation curves were performed, and melting points were compared to those predicted for the product (http://www.basic.northwestern.edu/biotools/ oligocalc.html) to ensure that the desired amplicon was produced in each well. Real-time PCR results for mRNAs were normalized to GAPDH mRNA. Quantification cycle numbers were averaged across triplicates and used to generate values for relative quantitative gene expression.
Analysis of transmembrane domains in the predicted equine protein was performed using TMHMM software (Center for Biological Sequence Analysis, Technical University of Denmark, http://www.cbs.dtu.dk/services/TMHMM) and compared to that predicted by other programs (TMpred, Swiss Institute for Bioinformatics, http://www.ch.embnet.org/software/TMPRED_form.html; Dense Alignment Surface [DAS] transmembrane prediction server, Miklos Cserzo, University of Birmingham, http://www.sbc.su.se/;miklos/DAS; TOP-CONS consensus prediction, Stockholm Bioinformatics Center, http://topcons. net/). Analysis of signal peptides was conducted using the SignalP version 4.1
CatSper ION CHANNEL IN STALLION SPERM software server (http://www.cbs.dtu.dk/services/SignalP). Analysis of coiledcoil domain was performed using the COILS prediction software (http://www. ch.embnet.org/software/COILS_form.html). Searches for motifs in the Nterminal region were performed using a multiplatform search engine (Motif Search, http://www.genome.jp/tools/motif/).
In Situ Immunocytochemistry for the CATSPER1 Protein
Fresh raw and frozen-thawed stallion sperm were processed via swim-up: 200 ll of sperm was layered below 1 ml of Sp-Tyrode medium and then incubated at 378C in an atmosphere of 5% CO 2 for 20 min. Following incubation, the top 600 ll of medium was removed and pelleted by centrifugation for 3 min at 300 3 g and then resuspended in 200 ll of PBS. Ten microliters of sample was placed on a slide and allowed to air dry. Sperm were permeabilized with either 0.1% SDS or 0.2% Triton-X and then blocked with 5% goat serum, 1% BSA, 0.1% gelatin, and 0.001% sodium azide in PBS. Primary incubation with the rabbit anti-human CATSPER1 C-terminal or rabbit anti-mouse CATSPER1 N-terminal antibodies detailed earlier were performed at 48C overnight. The sample was then washed and incubated with goat antirabbit antibody conjugated with Cy3, washed, and counterstained with 4 0 ,6-diamidino-2-phenylindole. Control samples were processed as above but lacked primary antibody. Samples were evaluated using an inverted fluorescent microscope at 4003 original magnification.
Western Blotting for Presence of CATSPER1 Protein
To extract protein, 300 3 10 6 spermatozoa were diluted 1:5 in modified Whitten medium without BSA and bicarbonate. The suspension was centrifuged lightly (100 3 g for 1 min) to remove debris, and then the supernatant was transferred to a fresh tube and was recentrifuged at 600 3 g for 5 min to concentrate the pellet. The pellet was resuspended to 30 3 10 6 /ml with the modified Whitten medium and then centrifuged at 5000 3 g for 3 min, and the supernatant was discarded. As a control, previously frozen equine fibroblasts (;150 000) were thawed and centrifuged at 5000 3 g for 3 min, and the supernatant was discarded.
The resulting pellets were diluted in 1 ml of PBS and centrifuged at 5000 3 g for 3 min at room temperature. The supernatant was discarded, and samples were diluted in 50 ll of sample buffer containing 65.2 mM Tris HCl at pH 6.8, 25% glycerol, 2% SDS, and 0.01% bromophenol blue, and a protease inhibitor cocktail (Complete EDTA-free; Roche [www.roche.com]). Samples were then centrifuged at 10 000 3 g for 10 min at 48C, and the supernatant was collected. Protein concentration was determined using a protein assay (Bio-Rad DC) according to the manufacturer's instructions. b-Mercaptoethanol (2.5%) was added, and samples were heated for 5 min at 958C. Samples were stored at À808C until further processing.
For electrophoresis, samples containing 40 lg of protein were loaded onto a 12% TGX precast polyacrylamide mini-gel (Bio-Rad Laboratories) at 170 V for 40 min and transferred to a polyvinylidene fluoride membrane at 350 mA for 60 min. The membrane was blocked in 5% non-fat dried milk in TBS-T (0.5 M NaCl, 20 mM Tris and 0.1% TWEEN, at pH 7.4) for 1 h at room temperature, and washed three times for 5 min each in TBS-T. Primary antibody incubation was performed with the rabbit anti-human CATSPER1 C-terminal antibody detailed earlier, diluted 1:200 in 5% non-fat dried milk in TBS-T for 2 h at room temperature on an oscillating plate. Antibody was removed by washing 3 times for 5 min each in TBS-T, and a secondary incubation was performed for 45 min at room temperature with goat anti-rabbit antibody conjugated with HRP diluted 1:5000 in TBS-T. Protein was visualized using a chemiluminescence detection kit (ECL kit; Amhersham Corp.), according to the manufacturer's instructions, and exposure to Hyperfilm ECL film (Amersham).
Data Analysis
All statistical analyses were performed using SigmaPlot version 12.0 software for Windows (Microsoft; Systat Software). Treatment effects for time series data were detected using repeated measures analysis of variance, followed by the Holm-Sidak method for individual post hoc comparisons unless otherwise stated. Paired t-tests were used to evaluate the differences between pH i and Ca i , and motility between treatments with and without NNC or mibefradil added, for each stimulatory treatment. Differences were considered significant when P , 0.05.
RESULTS
Effect of NH 4 Cl on Bovine and Equine Sperm Hyperactivated Motility
An initial trial was conducted using bovine sperm to validate the procedure of assessment of NH 4 Cl-induced hyperactivated motility by CASA in our laboratory, as described by Marquez and Suarez [22] ; and to evaluate the effect of replacing BSA with PVA on the response of bovine sperm to NH 4 Cl. Replacement with PVA was instituted for stallion sperm due to marked sperm aggregation after centrifugations in BSA-containing medium. The main parameters assessed to indicate hyperactivated-like motility were VCL (i.e., the average velocity of a sperm head along its actual, two-dimensional curvilinear trajectory) and ALH (the amplitude of lateral head displacement, i.e., the magnitude of lateral displacement of a sperm head in regard to its spatial average trajectory). These two parameters reflect the increased vigor and asymmetry of flagellar movement occurring during hyperactivation and have been associated with hyperactivated motility in bovine and equine sperm [22, 29] .
Values for the motility parameters VCL and ALH in bovine sperm suspended in PVA-or BSA-containing medium in response to different concentrations of NH 4 Cl are presented in Table 1 . There was no effect (P . 0.1) of medium (BSA or 0.02% PVA) on either motility parameter, and there was no interaction between NH 4 Cl concentration and medium (P . 0.1). Hyperactivated motility parameters were similar to those reported previously in the bull after treatment with NH 4 Cl [22] . Maximum values for VCL (333 lm/sec) and ALH (11.4 lm) were obtained 5 min after addition of 50 mM NH 4 Cl.
Hyperactivation in equine sperm in response to NH 4 Cl was affected by the atmosphere used for incubation (Supplemental Fig. S2 ). Under 5% CO 2 , stallion sperm showed a dosedependent increase in the hyperactivated motility parameters VCL and ALH after treatment with NH 4 Cl (Fig. 1) . The LOUX ET AL.
highest values for hyperactivated motility parameters were observed at 60 min in stallion sperm treated with 25 mM NH 4 Cl; these increased from 225 6 5 lm/sec to 345 6 3 lm/ sec (mean 6 SEM) for VCL and from 7.7 6 0.3 lm to 13.1 6 0.3 lm for ALH. Treatment of equine sperm with higher doses of NH 4 Cl (50 and 100 mM) was associated with significantly reduced VCL and ALH values (data not shown).
These results indicate that equine sperm undergo hyperactivation in response to treatment with NH 4 Cl but that they show a slower response to this compound than do bovine sperm. Requirement for a CO 2 atmosphere for repeatable NH 4 Cl response in equine sperm may reflect differences in pH i regulation or different pH i constraints for onset of hyperactivation in this species.
Effect of Increasing Extracellular pH on Equine Sperm Hyperactivated Motility
Hyperactivated motility parameters increased in equine sperm with increasing extracellular pH (Fig. 2) . It should be 10.3 and ALH of 13.3 6 0.6 within 10 min after addition); treatment with pH 9.25 medium was associated with a rapid decrease in motility, indicating that this treatment induced an excessive degree of intracellular alkalinization or potentially excess influx of intracellular calcium (see below). The time needed to achieve maximum VCL was significantly and inversely correlated to the final medium pH, with higher pH treatments reaching maximal VCL earlier (R 2 ¼ 0.60; P , 0.001) (Fig. 2C) . These results indicate that increasing extracellular pH induces hyperactivated motility in equine sperm in a dose-dependent manner, and that rapid onset of hyperactivation can occur in equine sperm under the appropriate conditions.
Comparison of Effects of Known Inducers of Hyperactivation on Motility, Intracellular Ca 2þ , and Intracellular pH of Equine Sperm
Increases in intracellular pH and Ca 2þ have been proposed to mediate the onset of hyperactivation in sperm of other species. Addition of pH 8.5 medium or of known chemical inducers of hyperactivated motility, procaine and 4-AP (both prepared in pH 7.25 medium), induced an increase in VCL and ALH values in equine sperm (Fig. 3) . Sperm treated with procaine achieved the highest hyperactivated motility values (VCL, 406 6 11.9; ALH, 14.1 6 0.18); as in the previous experiment with pH 9.25 medium, treatment with pH 9.5 medium was associated with a loss of motility (Fig. 3A) . The three effective hyperactivating stimuli each induced a similar significant rise in pH i compared to control (P 0.05); this rise in pH was small in comparison to that induced by treatment with pH 9.5 medium (Fig. 3B) . Treatment with 4-AP was associated with only a minimal increase in Ca i (Fig. 3C, inset ), but this was significantly higher than that for the control when all time points were considered together. Treatment with pH-8.5 medium resulted in greater increase in Ca i than that for 4-AP; treatment with pH-9.5 medium induced a marked rise in Ca i , indicating the increase in Ca i was dose-responsive to increases in intracellular pH (Fig. 3C ). We were unable to effectively measure the effect of procaine on Ca i due to its quenching of fluorescence (see Materials and Methods). None of the above-tested treatments had a significant effect on sperm viability (PI exclusion, Table 2 ). The detrimental effect of treatment with pH 9.5 medium on motility, as seen in the previous studies with high doses of NH 4 Cl or with pH 9.25 medium, may be due to abnormally high pH i or to excessive Ca i , as reported in demembranated sperm exposed to high levels of calcium [30, 31] .
Because treatment with 4-AP was associated with hyperactivated motility but with only a minimal increase in Ca i within the sperm population, we evaluated the kinetics of Ca i in response to 4-AP in individual sperm via single-cell imaging after loading with Fluo-4 (Fig. 4) . Some sperm showed a wave in Ca i fluorescence after 4-AP treatment, followed by a return to lower levels. Individual sperm experienced the wave at different times after 4-AP addition; however, only one wave was noted in any individual sperm in the 4-AP treatment during the 10 min of imaging. In contrast, fluorescence in sperm treated with 1 lM ionomycin increased to high levels and remained high. As 4-AP increases hyperactivated motility parameters, these findings are consistent with a hypothesis that a transient increase in intracellular calcium is sufficient to induce hyperactivation; alternatively, these data may indicate that the effects of 4-AP on motility in equine sperm are not mediated by a marked rise in Ca i .
Effect of Ionomycin on Motility, Intracellular Ca 2þ , and Intracellular pH
Exposure to ionomycin induced dose-dependent increases in pH i and Ca i but did not induce hyperactivated motility (Fig. 3,  D-F) ; rather, sperm in both 1 lM and 10 lM ionomycin treatments showed significantly reduced motility compared to control sperm. The Ca i values for ionomycin at all concentrations tested were significantly higher than those for the effective hyperactivating stimuli. Treatment with 1 lM and 10 lM ionomycin significantly decreased viability at 30 min ( Table 2) .
The failure of 0.1 or 1 lM ionomycin to induce hyperactivated motility, despite increases in pH i similar to that for the effective hyperactivating stimuli, implies that equine sperm have an intracellular threshold for Ca 2þ and that an increase over this level has a deleterious effect on hyperactivated motility. Because ionophores induce hyperactivated motility at micromolar doses in a variety of other species [22, 23, [32] [33] [34] , this Ca i threshold in equine sperm may be lower than that in other species.
Effect of Progesterone and Prostaglandin E 1 on Motility, Intracellular Ca 2þ , and Intracellular pH
Progesterone and prostaglandin E 1 induce CatSper activity and hyperactivated motility in human sperm [19] . Neither compound significantly affected equine sperm motility parameters at any dose tested (Supplemental Fig. S3 ). Neither progesterone nor prostaglandin E 1 had a significant effect on pH i , and neither compound increased Ca i ; rather, prostaglandin E 1 at 2 or 5 lM significantly decreased Ca i levels at 4 min posttreatment in both pH 7.25 and pH 8 medium when compared to the ethanol control. These results indicate that these compounds are not associated with Ca 2þ influx or onset of hyperactivated motility in horse sperm, in contrast to findings for human sperm.
Effect of Mibefradil on Motility, Intracellular Ca 2þ , and Intracellular pH
The calcium-channel inhibitor mibefradil has been reported to block the CatSper current in human sperm [20, 26] . In equine sperm, treatment with mibefradil induced a dosedependent increase in pH i (Supplemental Fig. S4 ). The effect of 5 lM mibefradil on hyperactivated motility and Ca i of equine sperm as induced by the three effective hyperactivating stimuli (high pH medium, 4-AP and procaine), is shown in Figure 5 . Evaluation of Fluo-4-loaded sperm at 1-min intervals immediately after stimulus addition allowed the capture of an initial rise in Ca i in response to high-pH medium. Treatment with mibefradil significantly reduced Ca i in control, high-pH and 4-AP treatments. Mibefradil did not significantly affect Ca i fluorescence in procaine-treated sperm, however, it should be noted that the relationship of the change in fluorescence to actual Ca i may be altered in the presence of procaine.
Despite its suppressive effect on Ca i , mibefradil treatment did not inhibit the initial increase (1 min post-addition) in hyperactivated motility induced by any of the hyperactivating stimuli, and was associated with a significant increase in hyperactivated motility parameters in sperm treated with highpH medium.
In sperm exposed to high-pH medium or 4-AP, the reduction in Ca i associated with mibefradil suggests that the increase in Ca i related to these stimuli is due to opening of CatSper channels. The finding that mibefradil treatment did not inhibit the onset of hyperactivated motility indicates that unimpeded Ca 2þ influx is not essential for induction of hyperactivated motility in equine sperm. On the contrary, the increase in hyperactivated motility parameters in high-pH sperm treated with mibefradil suggests that reduction in Ca i may be associated with increased hyperactivated motility. The lack of apparent effect of mibefradil on Ca i fluorescence in procaine-treated sperm, if valid, raises the possibility that procaine works through a mechanism independent of CatSper.
CatSper ION CHANNEL IN STALLION SPERM
Mibefradil treatment itself induced an increase in pH i, but a decrease in Ca i . Because mibefradil is known to block CatSper, these findings suggest that the CatSper channel in equine sperm mediates the influx of Ca 2þ associated with high pH i , as has been shown in other species [35] .
In agreement with our findings in high-pH medium, Strunker et al. [20] reported that in human sperm exposed to NH 4 Cl, treatment with mibefradil inhibited the initial peak in Ca i , but had little effect on the static high Ca i afterward. The paradoxical increase in Ca i that we found with high concentrations of mibefradil, and in preliminary trials with NNC, agrees with the findings of Strunker et al. [20] when higher doses of these compounds were used.
Effect of Absence of Environmental Ca 2þ on Induced Hyperactivated Motility
The effect of absence of environmental calcium on induction of hyperactivated motility, and on overall motility, is shown in Figure 6 . The effect on hyperactivated motility was dependent upon the stimulus applied. Procaine treatment induced hyperactivated motility at 1 min both in medium with no added calcium ([-] Ca) and in medium with no added calcium containing 2 mM EGTA ([-] CaþEGTA). The procaine-induced increase in hyperactivated motility parameters was sustained for over 30 min in the [-] Ca medium. In addition, treatment with procaine supported total motility for over 30 min in [-] Ca medium, in contrast to the significant decline in total motility seen in the control and, more extensively, in high-pH medium over time (Fig. 6C) . Treatment with 4-AP produced a transient but significant rise in VCL in [-] Ca medium at 1 min but did not induce hyperactivated motility in [-] CaþEGTA medium. Treatment with pH 8.5 medium did not induce hyperactivated motility in either medium; in contrast, pH 8.5 treatment was associated with a significant decrease in VCL and ALH and in total motility (Fig. 6 , C and F) in both calcium-deficient media at 15 and 30 min.
The rise in Ca i associated with treatment with high-pH medium in the preceding studies, and its suppression by mibefradil, suggests that high-pH medium induces opening of CatSper channels as reported in other species. In this study, the loss of total and hyperactivated motility in high-pH treated sperm in the absence of environmental calcium may also be related to the action of high-pH medium to open CatSper LOUX ET AL. channels, as under Ca 2þ -free environmental conditions, CatSper channels transport Na þ ions, and it is this resulting Na þ influx that directly causes inhibition of sperm motility [14] . The ability of procaine to support total motility in equine sperm in the absence of environmental Ca 2þ suggests that CatSper channels are not opened in equine sperm treated with procaine. The ability of procaine to induce hyperactivated motility in the absence of environmental Ca 2þ suggests that procaine induces hyperactivation in equine sperm through a mechanism independent of CatSper, as suggested in the preceding study by the lack of response of procaine-treated sperm to mibefradil, and that this mechanism is largely independent of calcium influx from the environment.
Reverse Transcription-PCR to Detect CATSPER1 mRNA RT-PCR of equine testicular RNA yielded a potential CATSPER1 partial cDNA (GenBank accession number EU864033). The predicted 165-amino acid (aa) sequence of the 496-base pair cDNA fragment was 91%, 87%, 84%, 83%, 78%, and 76% identical to the canine, bovine, porcine, human, rat, and murine CATSPER1 protein sequences, respectively.
The cDNA obtained mapped to the C terminus-encoding region of the predicted Equus caballus CATSPER1 mRNA (GenBank accession number XM_001491133.1). The predicted complete equine CATSPER1 protein (GenBank accession number XP_001491183.1; 651 aa) was 84% identical to human CATSPER1 in the final 400 aa of the C terminus, which contain the 6 transmembrane domains, but showed poor alignment to the N terminus of murine (686 aa, GenBank accession number Q91ZR5.1) (Fig. 7G) or human (780 aa, GenBank accession number Q8NEC5.3) CATSPER1 protein sequences.
Alignment of equine and murine CATSPER1 (Fig. 7 ) demonstrated that the equine protein had both functional and morphological homology to those of other species. The S4 voltage-sensor transmembrane helix region of the equine protein was 100% homologous to that identified in the mouse [36] . The putative pore loop P contained the conserved channel pore consensus motif TxDxW, denoting ion specificity, as found in CATSPER1 and other CatSper proteins in other species, and contained the key aspartate residue that is absolutely conserved [36, 37] . A coiled-coil domain was predicted at the C terminus of the equine protein, suggesting multimeric protein-protein interactions, as found in CatSper proteins in other species [21, 36] ; however, a second coiledcoil domain was predicted at aa 302-317, immediately prior to the S1 transmembrane region, of the equine protein (Fig. 7) . This mid-protein coiled domain is not present in human, mouse, or porcine CATSPER1. A similar region is found in CATSPER2 in other species [21, 36] ; however, alignment of the predicted equine CATSPER1 aa sequence with those of human or mouse CATSPER2 was poor (maximum, 24% and 25% identity, respectively).
A notable finding in equine CATSPER1 was a potential transmembrane domain at aa 98-120 (Fig. 7 , segment R) that was not a signal peptide (prediction score, ,0.2) and was not present in human or mouse CATSPER1. Segment R was interpreted to be a transmembrane domain by the DAS and TMpred software but did not meet probability requirements in TMHMM or TOPCONS software. As in the human and murine proteins, an area near the N terminus of the equine protein CatSper ION CHANNEL IN STALLION SPERM included a histidine-rich region; histidines undergo protonation at a physiological pH range, and their presence suggests pH sensitivity. However, in the equine protein, there was no histidine enrichment in the first 135 amino acids of the N terminus; instead, histidine enrichment occurred only between aa 136 and aa 286, that is, between the end of segment R and the onset of S1, the first consensus transmembrane domain. In contrast, in human and murine CATSPER1, the entire first 335 (mouse) or 390 (human) aa sequence, from the N terminus to S1, is histidine-rich. The limited histidine-rich area in the equine protein contained a greatly enriched sequence of 58 aa containing 27 histidines, including 6 repeats of HHH. The histidine-rich region of CATSPER1 is predicted to be intracellular [36] . The restriction of histidines in the equine protein to the post-segment R region suggests that segment R is likely to be a transmembrane segment; if this is the case, the histidine-rich region would be internal as in other species, but the extreme N terminus of the equine protein may be external. This suggests a marked difference in both protein conformation and pH regulation between equine CATSPER1 and the murine and human proteins and possible increased sensitivity to the extracellular environment. Searches for motifs in this putative Transmembrane domain prediction as given by TMHMM software (A-C) and coiled-coil prediction as given by COILS software (D-F) are shown for equine, murine, and human CATSPER1 protein. Windows probability was obtained in scanning windows of 14, 21, and 28 residues. G) Alignment of murine CATSPER1 with the predicted equine protein is shown. Histidine residues, indicating pH sensitivity, are presented in red. R, possible N-terminal transmembrane domain was present in equine but not murine protein; S1-6, predicted consensus transmembrane domains; dotted-line boxes show prediction by TMHMM software and those reported by Ren et al. [8] ; solid lines represent areas of agreement. The equine S4 area (underlined) was not detected as a transmembrane domain by TMHMM but has high agreement with murine S4, including the putative voltage sensor region [36] (boxed and shaded). P, putative pore region; consensus ion-specific residues (TxDxW) are shaded individually. extracellular N-terminal region yielded significant homology to the N terminus (catalytic kinase domain) of Rho-associated coiled-coil containing protein kinase 1 (ROCK1).
Real-time PCR confirmed that mature equine sperm carry CATSPER1 mRNA. Concentrations of CATSPER1 and GAPDH mRNAs (used for normalization) were equivalent, their ratio being 1.3 6 0.3. The dissociation curve performed subsequent to real-time PCR indicated that the melting points of the DNA amplicons were uniform and at the predicted temperatures (798C and 778C for CATSPER1 and GAPDH amplicons, respectively). Thus, it appears that CATSPER1 mRNA is abundant in mature horse sperm, suggesting that it remains in these cells after spermiogenesis.
In-Situ Immunocytochemistry for the CATSPER1 Protein CATSPER1 in mouse and human sperm distributes to the principal piece. Fluorescence localized to the principal piece was detected in equine sperm stained with the anti-human Cterminal CATSPER1 antibody (Fig. 8) . Staining was comparable between fresh and frozen sperm. Equivalent staining was seen with permeabilization by either 0.2% Triton-X or 0.1% SDS. No staining occurred when the primary antibody was withheld or when the anti-mouse N-terminal CATSPER1 antibody was used as the primary antibody, consistent with the poor alignment of the predicted equine protein to the N terminus of murine CATSPER1.
Western Blotting for Presence of CATSPER1 Protein
A distinct band was seen at 72 kDa on Western blotting of proteins extracted from ejaculated equine sperm, using the antihuman CATSPER1 C-terminal antibody (Supplemental Fig.  S5 ). The size was consistent with the predicted size for CATSPER1 in equine sperm. This band was absent in fibroblasts.
DISCUSSION
This study investigated the mechanisms underlying the failure of equine sperm to fertilize oocytes under standard in vitro conditions. The high IVF rate achieved when equine sperm are treated with procaine to stimulate hyperactivation [5, 6] suggests that the poor success of standard equine IVF may be related to the inability of typical capacitating conditions to adequately induce hyperactivated motility in equine sperm. Hyperactivation in sperm of other species is dependent upon presence and function of the pH-gated cation channel CatSper; therefore, we investigated the function and presence of this channel in equine sperm. We found that three effective hyperactivating stimuli (high-pH medium, 4-AP, and procaine) produced a remarkably similar, moderate increase in pH i in equine sperm. Increasing pH i further by increasing treatment pH (pH 7.25, 8.5, or 9.5 medium) induced a dose-dependent increase in Ca i, (Fig. 2) supporting the existence of functional CatSper channels, as calcium influx in response to intracellular alkalinization is CatSper-dependent in mice [35] . CATSPER1 mRNA and CATSPER1 protein were present in equine sperm and the protein was localized to the principal piece, as in other species. Treatment of equine sperm with mibefradil [38] , a specific blocker of CatSper channels in human sperm [14, 20] , reduced the influx of Ca 2þ associated with intracellular alkalinization, further supporting the concept that the alkaline-induced Ca 2þ influx occurs via CatSper. While these data suggest that equine CatSper channels may operate similarly in response to intracellular alkalinization as do those of other species, we found several unusual features in the equine system. Peak hyperactivated motility in response to NH 4 Cl was seen in bull sperm 5 min after NH 4 Cl addition, but occurred at 60 min in stallion sperm, and, in our hands, required a 5% CO 2 atmosphere. This delay to onset of hyperactivation was not constitutive, as subsequent trials with high-pH (pH 8.5/8.75) medium showed that equine sperm were capable of rapid onset of hyperactivation (Figs. 2, A and B, and  3A) . In murine sperm, the alkalinizing effect of NH 4 Cl decays over time [39] ; it is possible that in the horse, hyperactivation with NH 4 Cl occurred only when pH i decayed to an appropriate level, then potentially only when any excessive increase in Ca i induced by hyper-alkalinization also was restored to functional levels. Thus, the delay in response to NH 4 Cl in equine as compared to bovine sperm suggests differences in regulation of pH i , or greater pH or Ca 2þ sensitivity for induction of hyperactivation, in equine sperm. We have subsequently found that equine sperm are also sensitive to decreasing external pH (treatment with pH 6.25 medium); this did not affect total motility but significantly inhibited VCL and ALH compared to treatment with pH 7.25 medium (L. Vivani and K. Hinrichs, personal communication). Unfortunately, we were unable to analyze changes in pH i and Ca i over time in NH 4 Cl-treated sperm due to the requirement for a CO 2 atmosphere; extensive attempts to achieve repeatable hyperactivation with this compound in air by adjusting medium pH, bicarbonate or buffer system were unsuccessful.
Analysis of the predicted equine CATSPER1 protein sequence supported potential differences in pH regulation, as the presumptive internal pH-sensing region of the equine protein was highly histidine-enriched and was limited to a specific region of the N terminus, subsequent to an apparent trans-membrane domain not present in the murine, human or porcine proteins that would serve to externalize the extreme N terminus region of the protein. This suggests species-specific differences in pH i sensitivity and in protein-membrane interactions, thus possibly even Ca 2þ transport properties, in equine CatSper. In addition, this implies that, unlike CATS-PER1 in mouse, human or pig, the extreme N terminus of the equine protein, which does not contain histidines, may be extracellular. If so, this external region could possibly serve as a sensor, conveying increased specificity of response to the extracellular environment. This putative extracellular region of the predicted equine CATSPER1 demonstrated significant homology to the catalytic kinase domain of ROCK1; similar homology was not found on examination of the human or mouse CATSPER1 sequences. The possible effects of this extreme N terminus region on CATSPER1 function in the horse warrants further study.
We found that the relationship of onset of hyperactivated motility to calcium influx differed in equine sperm from that reported in other species. The degree of hyperactivated motility appeared to be inversely related to the rise in Ca i , as shown by the findings that A) 4-AP induced a lower Ca i than did pH 8.5 medium but resulted in a greater degree of hyperactivation; B) treatment with 1 lM ionomycin induced the same pH i but higher Ca i than did 4-AP or pH 8.5 medium, and was not associated with hyperactivation, whereas in other species, micromolar concentrations of ionomycin or calcium ionophore A23187 induce hyperactivation [22, 23, [32] [33] [34] ; C) suppression of Ca 2þ influx with mibefradil increased hyperactivated motility in response to treatment with high-pH medium; and D) procaine, which induced the greatest degree of hyperactivation, showed no apparent Ca i response to mibefradil, suggesting that the effects of this compound may not be associated with a CatSper-related calcium influx.
LOUX ET AL.
Determining the mechanism by which procaine induces hyperactivated motility in equine sperm is important, as procaine treatment is, thus far, the only sperm treatment associated with efficient IVF in the horse. Unfortunately, the direct Ca i response to procaine could not be evaluated due to quenching of the fluorophore. However, the actions of procaine on CatSper may be inferred from its action on sperm in calcium-deficient media. In the absence of environmental calcium, CatSper has been shown to function as a voltageindependent Na þ channel [40, 41] , and factors affecting CatSper ion transport have been examined by evaluating Na þ current through this channel in the absence of environmental calcium [20, 35] . Torres-Flores et al. [14] demonstrated in human sperm that the loss of motility seen in calcium-deficient medium is due to the influx of sodium through CatSper channels rather than to the absence of calcium. Thus, in calcium-deficient medium containing sodium, treatments that result in opening of CatSper channels would result in suppression of total motility. We found this effect in equine sperm treated with high-pH medium. The lag in suppression of total motility seen with high-pH medium in our study is comparable to the slow depression of motility by Na þ influx (;10 min to steady state) reported by Torres-Flores et al. [14] . In contrast, the maintenance of both total and hyperactivated motility in equine sperm treated with procaine in the absence of environmental calcium suggests that procaine does not induce opening of CatSper channels in equine sperm, and also that it exerts its initial hyperactivating effect without need for influx of external calcium. This may be a species-specific finding, as Marquez and Suarez [42] reported that in bull sperm, procaine did not induce hyperactivated motility in calcium-deficient medium, and procaine has been used as a CatSper activator in mice [43] . Mujica et al. [44] reported that procaine induced hyperactivation in guinea-pig sperm in medium with no added calcium; however these observations were in pH 7.8 medium and are complicated by the lack of a non-procaine-treated control. The slow loss of procaine-induced hyperactivated motility over time in calcium-deficient medium, which occurred more quickly in EGTA-containing medium, indicates that influx of extracellular calcium is eventually required for continued hyperactivated motility in equine sperm. In our study, while mibefradil treatment lowered Ca i in the high-pH and 4-AP treatments, it did not suppress the initial (1-min) induction of hyperactivated motility in any treatment. To the best of our knowledge this represents the first study of the effects of mibefradil on sperm hyperactivated motility in any species. In murine sperm, the proprietary compound HC-056456, a potent CatSper blocker, inhibited the rise in Ca i evoked by alkaline depolarization, prevented the development of hyperactivated motility during capacitation, and reversed hyperactivation after its onset [40] , consistent with a direct role of Ca 2þ influx in stimulation of hyperactivated motility in this species. The difference in effect of CatSper inhibitors on hyperactivation between mouse and horse sperm again supports the existence of species-specific differences in the relationship of Ca i to sperm hyperactivated motility.
From these data, we postulate that hyperactivated motility in equine sperm occurs within a narrow window of moderately elevated pH i but may not require an increase in Ca i and is suppressed by elevations in Ca i within a range that would support hyperactivated motility in other species. This latter concept is interesting in light of our recent finding that environmental calcium suppresses capacitation-related protein tyrosine phosphorylation in equine sperm in a pH-dependent manner [45] . The current data suggest that calcium may exert a similar suppressive effect on sperm hyperactivated motility in the horse.
The most repeatable and effective methods for inducing hyperactivated motility in our study were treatment with 4-AP and procaine. The mechanisms by which these compounds stimulate hyperactivated motility are unclear. Both 4-AP and procaine are weak bases and thus increase pH i . The effect of 4-AP on sperm ion currents is not well understood; 4-AP is a commonly used blocker of voltage-gated potassium channels in other systems and has been shown to block SLO3 K þ channels [46] and the major, multistate ion channel flux of human sperm [47] . However, 4-AP has a stimulatory effect on CatSper current, Ca i , and K þ current (I ksper ) in murine sperm [48, 49] and has been reported to mobilize internal Ca 2þ stores [17] . In our study, it appeared that 4-AP may have a CatSper-related component, as suggested by the decrease in Ca i , associated with mibefradil treatment. On the other hand, 4-AP maintained motility in calcium-deficient medium better than did pH 8.5 medium, suggesting that CatSper channels were not completely functional in this treatment. This is in agreement with the lower Ca i induced by 4-AP than by pH 8.5 medium in calciumcontaining medium, at the same pH i (Fig. 3C) .
There are conflicting data on the mechanism of procaineinduced hyperactivation. Marquez et al. [50] reported that procaine stimulated hyperactivated motility in sperm from wild-type, but not Catsper1-or Catsper2-null mice and concluded that procaine was a CatSper activator. However, Carlson et al. [51] reported that procaine treatment caused the same increase in wave asymmetry in Catsper2-null mice as it did in wild-type mice and concluded that procaine acted without involvement of CatSper. Our results with procaine in the presence of mibefradil, and in calcium-deficient medium, are consistent with the hypothesis that in equine sperm, procaine treatment does not open CatSper channels.
In conclusion, the findings of these studies demonstrate that CATSPER1 and, thus likely, the CatSper channel are present in equine sperm. Equine CATSPER1 protein differs structurally from that of other species in its histidine-rich (pH-sensor) region and N-terminal domain. Our data suggest that as in other species, the equine CatSper channel opens to allow calcium influx in response to increased pH i ; however it is not clear whether opening of the CatSper channels or an increase in Ca i is required for onset of hyperactivated motility in this species. Failure of stimulation of hyperactivated motility in equine sperm under conditions that capacitate sperm of other species may be related to a narrow window of pH i and Ca i at which this motility occurs in the horse. Research is thus warranted on the effects of environmental pH and calcium on fertilization both in vivo and in vitro. To the best of our knowledge, this is the first report of intracellular factors associated with sperm hyperactivated motility in the horse, a species in which effective in vitro capacitation is still problematic. These findings add to our knowledge of the comparative biology of sperm motility and should provide a basis for much future research to define the factors associated with effective spermoocyte interactions in this species.
